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8-Oxo-2�-deoxyguanosine (8-oxodG) is one of the most
important oxidative DNA lesions, and G-rich telomeric DNA is
especially susceptible to oxidativeDNAdamage. RecQhelicases
WRN and BLM and telomere-binding protein POT1 are
thought to play roles in telomere maintenance. This study
examines the ability of WRN, BLM, and RecQ5 to unwind and
POT1 to bind telomeric D-loops containing 8-oxodG. The
results demonstrate that WRN and BLM preferentially unwind
telomeric D-loops containing 8-oxodG and that POT1 binds
with higher affinity to telomeric D-loops with 8-oxodG but
shows no preference for telomeric single-stranded DNA with
8-oxodG. We speculate that telomeric D-loops with 8-oxodG
may have a greater tendency to form G-quadruplex DNA struc-
tures than telomeric DNA lacking 8-oxodG.

Telomeres are structures at the ends of the eukaryotic
linear chromosomes that enhance chromosome stability by
preventing DNA end-initiated recombination, exonucleolytic
attack, and replication-associated terminal recession. Telo-
meres are composed of long tracts of short tandem repeated
DNA sequences (5�-TTAGGG-3� in human and mouse) and
telomere-specific DNA-binding proteins. The length of telo-
meres is maintained by an active process, and defects in
telomeremaintenance lead to telomere attrition, genome insta-
bility, cell cycle arrest, and senescence or apoptosis. Telomere
attrition is frequently associated with aging (1) and premature
aging syndromes (2).
The unique structure of telomeres plays an important role

in maintenance of telomeric DNA. Telomeres are composed
of double-stranded tandem repeat sequences followed by a
single-stranded short 3�-overhang (3, 4). The length of the
double-stranded telomere tract varies from about 10 kbp in
humans to up to 100 kbp in mice (5, 6). In mammals
telomeres normally exist in a loop structure with the 3�-sin-
gle-stranded overhang invading the telomeric double-
stranded DNA (7). This so-called “D-loop” configuration is
stabilized by telomere-binding proteins, known as shelterin,
and associated proteins (8). Telomere repeat binding Factors

1 and 2 (TRF1 and -2) bind to duplex telomeric sequences (9,
10), whereas protection of telomeres 1 (POT1) binds to sin-
gle-stranded telomeric DNA (11).
One family of proteins that is actively involved in maintain-

ing genome stability is the RecQ helicase family, a highly con-
served group of DNA helicases which functions in multiple
DNA metabolic processes. Sgs1 is the sole RecQ homolog in
Saccharomyces cerevisiae, and Rqh1 is the soleRecQ homolog
in Schizosaccharomyces pombe (12). Curiously, five RecQ
homologs have been identified in mammalian cells, RECQ1,
BLM, WRN, RECQ4, and RECQ5. Three of the gene products
have been shown to be associated with autosomal recessive dis-
orders characterized by genomic instability and cancer predis-
position. Bloom syndrome, Werner syndrome, and Rothmund
Thomson syndrome are associated with defects in BLM,WRN,
and RECQ4, respectively (13, 14). BLM andWRN are known to
play important roles in DNA repair and replication (12, 15, 16)
and have been implicated in telomere maintenance. However,
none of the other helicases have been implicated in telomere
functioning so far.
Reactive oxygen species, such as inorganic and organic oxy-

gen ions, free radicals, and peroxides, are one of the most
important contributors to DNA damage (17). These species are
generated regularly in cells through various processes including
endogenous and exogenous chemical exposures and ionizing
radiation. The genome is frequently attacked by reactive oxy-
gen species generating different lesions that essentially lead to
DNA strand breaks (18). 8-Oxoguanine (8-oxodG)2 is one of
the most well studied oxidative lesions (19, 20). This lesion can
formWatson-Crick base pairs with 2�-deoxycytidine (dC) and
also form Hoogsteen base pairs with 2�-deoxyadenosine (dA).
In theHoogsteenmode, 8-oxodG readilymispairs with dA dur-
ing replication, and if left unrepaired, an 8oxodG:dA base pair
can lead to GC3 TA mutations (21).
Telomeric DNA is prone to oxidative damage due to the

presence of easily oxidizable guanines in the TTAGGG telo-
meric repeats. Additionally, oxidative stress has been impli-
cated in the telomeric shortening process (22). However, very
little is known about the interaction of helicases with oxida-
tively damaged telomeric DNA.
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Several lesions can be generated by oxidative damage, includ-
ing 8-oxodG, thymine glycol, formamidopyrimidine-2�-deox-
yguanosine, formamidopyrimidine-2�-deoxyadenosine, and
many more. Although many of these lesions may have impor-
tant biological roles, most of them are not well studied. It is also
improbable to assess the effects of all the lesions due to the
complications involved in the synthesis of DNA strands con-
taining the damages. Among these lesions, 8-oxodG is an abun-
dant and well characterized lesion and is of great biological
significance. It is also a relatively stable lesion, making it a good
candidate to study. We have constructed in vitroD-loop struc-
tures containing 8-oxodG lesions within telomeric repeat
sequences to determine how the presence of DNA damage
changes the helicase and DNA binding properties of WRN,
BLM, and RecQ5. Additionally, we report on the POT1 DNA
binding activity on D-loops containing 8-oxodG lesions. Our
experiments clearly suggest that WRN and BLM efficiently
unwind these damagedD-loops, but RecQ5 does not. Although
DNA damage is present, POT1 still binds to the damaged
D-loops. These findings indicate that these proteins have
important roles in damaged telomeric DNA processing and
repair.

EXPERIMENTAL PROCEDURES

Proteins—Recombinant histidine-tagged wild type WRN
protein was purified using a baculovirus/insect cell expression
system as described previously (23, 24). Recombinant histidine-
tagged BLM was overexpressed in S. cerevisiae and purified as
described previously (25). RecQ5 was purified using a protocol
described elsewhere (26) Recombinant human POT1 protein
was purified using a baculovirus/insect cell expression system
as described previously (11) and contains a GST tag. Protein
concentrationwas determined by the Bradford assay (Bio-Rad),
and puritywas determined by SDS-PAGEandCoomassie stain-
ing. Bacterial UvrD helicase was a generous gift from Dr. Steve
Mattson (University of North Carolina, Chapel Hill, NC).
DNA Substrates—All the unmodified oligonucleotides were

from Integrated DNA Technologies, Coralville, IA, and PAGE
was purified by the manufacturer. The modified (8-oxodG-
containing) oligonucleotides were synthesized and purified by
The Midland Certified Reagent Co., Midland, TX. The D-loop
DL1 substrate containing the (TTAGGG)4 sequence in the
33-bp duplex portion of the invading strandwas constructed by
annealing the BT, BBtel, and invading strand (SS1) oligonucleo-
tides (Table 1) as described previously (23). 8-OxodG-contain-
ing D-loops (DL2–4) were prepared similarly, except SS2–4
oligonucleotides contained 8-oxodG instead of dG at specific
positions (Table 1). The non-telomeric D-loop DLmx was con-
structed by mixing BT, BBmx, and non-telomeric invading
strand (Mix). All the D-loops contain 5�-end-labeled invading
strands andwere constructed using the same amounts of invad-
ing strands. Oligonucleotides were 5�-end-labeled using [�-
32P]ATP (PerkinElmer Life Sciences) and T4-polynucleotide
kinase (New England Biolabs) per the manufacturer’s direc-
tions. However, the radiolabeled strands were not separated
from the unlabeled strands. The complete formation ofD-loops
was established by running the D-loops in a non-denaturing gel
side by side with the corresponding single-stranded oligonu-

cleotides. The structure of D-loop DNA substrates was con-
firmed by Fok1 incision assays andmung bean nuclease (MBN)
digestion. The Fok1 (New England Biolabs) incision reaction
was carried out as described previously (23). Briefly, 210 fmol of
the D-loops were incubated with Fok1 for 3 h at 37 °C. The
reactions were stopped by the addition of stop buffer (80%
formamide, 1� TBE, 0.25% bromphenol blue, 0.01% SDS), and
the products were heat-denatured (95 °C for 5 min followed by
rapid cooling on ice for 2 min) then resolved through a 12%
TBE-urea-PAGEgel at 15watts for 2 h in 1�TBEbuffer. Radio-
labeled oligos were run side by side as size marker. Mung bean
nuclease was used to probe for any single-stranded character in
the D-loops. The D-loops (14 ng) were treated with 1 unit of
mung bean nuclease (New England Biolabs) for 3 h at 4 °C. The
reactions were stopped by the addition of formamide loading
buffer (80% formamide, 0.01% SDS, 0.1% bromphenol blue),
heat-denatured (95 °C for 5 min, followed by rapid cooling
on ice for 2 min), and then analyzed on a 12% denaturing (7 M

urea) PAGE gel. Undamaged telomeric single strand (SS1)
was treated similarly and used as positive control for this
experiment.
Helicase Assay—Reactions were performed in standard reac-

tion buffer (40 mM Tris, pH 8.0, 4 mMMgCl2, 5 mMDTT, 2 mM

ATP, and 1 mg/ml BSA) unless otherwise indicated. DNA sub-
strate and protein concentrations were as indicated in the fig-
ure legends. For WRN and BLM helicase reactions, the sub-
strates were preincubated at 37 °C for 5min before the addition
of proteins. The reactions were initiated by the addition of
WRN, BLM, or RecQ5 and incubated at 37 °C for 30min. How-
ever, RecQ5 did not show any helicase activity in standard reac-
tion buffer, and a different buffer (30 mM HEPES, pH 7.45, 5%
glycerol, 40 mM KCl, 100 ng/�l BSA, 4 mM MgCl2, and 2 mM

ATP) was used for RecQ5 helicase assays thereafter. For the
helicase assays in the presence of POT1, the indicated amounts
of POT1 were added together with WRN, BLM, or RecQ5 to
initiate the reaction. After incubation, WRN and RecQ5 reac-
tions were mixed with native stop dye (40% glycerol, 50 mM

EDTA, 0.9% SDS, 0.1% bromphenol blue) and analyzed on an
8%native polyacrylamide (0.1% SDS) gel. Products of BLMheli-
case assays were treated with 10 �l of native stop dye supple-
mented with 75 �g/ml proteinase K and a 10 �M excess of
unlabeled competitor oligonucleotide (27). The products were
deproteinized for 30 min at 37 °C and were then run on 8%
native polyacrylamide gels. Products were visualized using
a PhosphorImager, and quantitation was performed using
ImageQuant software (GE Healthcare).
WRN helicase assays were quantified by calculating the per-

cent of total ssDNAproduct (all product species divided by sum
of product and substrate, i.e. total radioactivity in the lane (Fig.
5, upper panel). For BLM and RecQ5 helicase assays, percent
product was calculated as described previously (27) Values
were corrected for background in negative control assays (i.e.
no enzyme and heat-denatured substrate). UvrD was used as
positive control (28).
Electrophoretic Mobility Shift Assay (EMSA)—Binding reac-

tions were performed in EMSA buffer (40 mM Tris, pH 8.0, 12
mM MgCl2, 5 mM DTT, 10 mM ATP, 1 mg/ml BSA). For the
kinetics study 50 mM LiCl was added to increase D-loop solu-
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bility. DNA substrates (1 nM SS1–4 or DL1–4 or DLmx) were
preincubated at 25 °C for 5min, and the reaction was started by
the addition of GST-POT1 (concentrations are as shown in
Figs. 4 and 5). The complete reaction mixture was incubated at
25 °C for 15 min, and then the reaction was stopped by the
addition of EMSA loading buffer (0.25% bromphenol blue, 10%
Ficoll, 0.5� TBE). The GST-POT1 binding reactions were
resolved by electrophoresis on a 1% agarose gel (Seakem GTG,
BioWhittaker Molecular Applications) in 0.5� TBE, 200 V for
2 h. Products were visualized using a PhosphorImager and
quantified using ImageQuant software (GE Healthcare). Per-
cent bindingwas determined by dividing boundDNA substrate
(slow moving species) by bound plus unbound DNA substrate
(total radioactivity in the lane). The dissociation constants (Kd)
were obtained from the polynomial fit (Graphpad Prism 5.0) of
the plots of percent binding against the GST-POT1 concentra-
tion. DNA binding assays in the presence of telomestatin
(TMS) were conducted by preincubating D-loop DNA sub-
strates with TMS at the indicated concentrations at 25 °C for 30
min before the addition of POT1. Telomestatin was kind gift
from Dr. Robert Brosh (NIA, NIH).
Dimethyl Sulfate (DMS) Assay—The D-loops were kept at

0 °C for 15min before incubation of the reaction. The reactions
were performed in EMSA buffer (40 mM Tris, pH 8.0, 12 mM

MgCl2, 5 mM DTT, 10 mM ATP, 1 mg/ml BSA) in the presence
of 200 mM KCl. D-loop (1 nM) was treated with 2 �l 20% DMS
(Sigma) in a 10-�l reaction volume. The reactions were carried
out at 0 °C for 15 min and stopped by the addition of 50 �l of
stop buffer (46�l of H2O, 2�l of BME, 2�l of tRNA). TheDNA
was precipitated by adding 100 �l of ethanol and 10 �l of 0.5 M

NaOAc and then treated with 1 M piperidine (10�l) at 95 °C for
20 min. The samples were dried, resuspended in loading buffer
(80% formamide, 0.01% SDS, 0.1% bromphenol blue), heat-de-
natured (95 °C for 5 min, followed by rapid cooling on ice for 2
min), and then resolved through a 12% TBE-urea-PAGE gel at
15 watts for 2.5 h in 1� TBE buffer.
8-OxodG Glycosylase Assay—0.5 nM DL2 was treated with

either 10 nM WRN, 10 nM BLM, 50 nM POT1, or 1/16 unit
�-OGG1 (New England Biolabs). The reactions withWRN and
BLM were performed in helicase reaction buffer (40 mM Tris,
pH 8.0, 4mMMgCl2, 5mMDTT, 2mMATP, and 1mg/ml BSA),
POT1 reactions were carried out in EMSA buffer (40 mM Tris,
pH 8.0, 12 mM MgCl2, 5 mM DTT, 10 mM ATP, 1 mg/ml BSA),
and OGG1 reactions were performed in NEB buffer 2. All the
reactions were run for 30min at 37 °C and stopped by the addi-
tion of formamide loading buffer (80% formamide, 1� TBE,
0.25% bromphenol blue, 0.01% SDS). The products were heat-
denatured (95 °C for 5 min, followed by rapid cooling on ice for
2 min) then resolved through a 12% TBE-urea-PAGE gel for 15
watts for 2 h in 1� TBE buffer.

RESULTS

Construction of D-loops with and without the 8-OxodG
Lesion—To investigate the interaction of WRN, BLM, RecQ5,
and POT1 with damaged D-loops, we have crafted D-loop
structures with 8-oxodG lesions at specific positions. Previous
studies indicate that oxidative damage typically occurs at the
middle and 5� guanines of a GGG site (29–31). Thus, the dam-

aged D-loops used here have been designed in such a way that
the 8-oxodG lesion is positioned at the middle G of the telo-
meric GGG region (Table 1, Fig. 1). Three variations of dam-
aged D-loops have been constructed (DL2–4). DL2 has the
8-oxodG (8) lesion in the first telomeric repeat, 5�-(TTAG8G)-
3�, DL3 has the lesion in the last telomeric repeat in middle
guanine, and DL4 has two lesions one at each site as shown in
Fig. 1B. The D-loop DL1 does not have any lesion, and DLmx
does not contain the telomeric repeat sequence. All theD-loops
have been constructed using a method described previously
(23). TheD-loops were resolved on an 8% native PAGE, and the
appearance of a single band confirmed the annealing of all three
oligonucleotides to form the D-loops. Single- and double-
stranded telomeric oligonucleotides were run side by side as
sizemarkers (Fig. 2A). This experiment also suggests that all the
invading strands completely took part in the formation of
D-loops. The invading strandswere used in limiting amounts to
prepare the D-loops, and the concentrations of these strands
were considered as the concentrations of the corresponding
D-loops. Proper alignment of the telomeric repeats was con-
firmed by Fok1 restriction enzyme digestion (Fig. 2C). DL2 and
DL4 were less sensitive to Fok1 endonuclease, as these D-loops
have 8-oxodG lesions next to the incision site. To obtain com-
plete digestion, all the D-loops were treated with Fok1 for 3 h,
which was more than usual (1–2 h). Fok1 digestion should pro-
duce 40-mer oligos from these D-loops. The autoradiogram
shows two bands corresponding to 39- and 40-mer oligos for
DL1, DL2, DL3, and DLmx, whereas DL4 shows only 40-mer
band. The 39-mer product arises from the extended reaction,
and this product was almost absent when DL1 and DL3 were
treated with Fok1 for 2 h (supplemental Fig. 1A). Also, to verify
the absence of any single-stranded regions in the radiolabeled
telomeric strand, MBN digestion was performed on the
D-loops. MBN was used for this experiment because under
optimal conditions it shows a preference for single-stranded
DNA over double-stranded DNA by a factor of 30,000:1 (32).
Under these reaction conditions 90% of the single-stranded SS1
DNA (14 ng) was digested by 1 unit of MBN, and 10 units of
MBN completely digested that strand (Fig. 2B, lanes 1–3).

TABLE 1
Oligonucleotide substrates

†Underline indicates telomeric region.
* 8 indicates 8-oxodG lesion.
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However, when 14ng of theD-loops (DL1–4)were treatedwith
1 unit of MBN, all the strands with telomeric sequence
remained intact (Fig. 2B, lanes 4–11). This result clearly sug-
gests that there are no unhybridized single-stranded telomeric
regions in the D-loops and that the damaged D-loops are as
stable as the undamaged D-loops.
All the competitive experiments mentioned in this work

were performed using the same amounts ofD-loops. The radio-
labeling efficiencies of different invading strands are different,
and this leads to different amounts of radiolabeled substrates in
the reaction mixture. However, as these substrates were con-
structed from the same amounts of invading strands and
because these strands were not purified after labeling, they all
contain the same amounts of D-loops (radiolabeled and
unlabeled).
8-OxodGGlycosylase Activity of WRN, BLM, and POT1—To

assess whether there was any 8-oxodG glycosylase activity in
the WRN, BLM, and POT1 preparations used in this study,
8-oxodG containing D-loop DL2 was treated with these pro-
teins, and the products were analyzed by denaturing PAGE
(supplemental Fig. 1B). 8-OxodG glycosylase �-OGG1 was

used as positive control to mark the position of incision
product. WRN, BLM, and POT1 do not produce any incision
products (lanes 2-4), whereas�-OGG1 incises at the 8-ox-
odG (lane 5). This result clearly demonstrates that there is
no contaminating glycosylase activity in the proteins used in
this study.
BLM, WRN, and RecQ5 Helicase Activity on Damaged and

UndamagedD-loops—BLMandWRNhelicases play important
roles in telomere maintenance (33, 34) and have been impli-
cated in DNA repair (12, 15, 16). On the other hand, the role of
RecQ5 is not clear yet (35). To explore the possible role of these
helicases in telomeric DNA repair, interactions of BLM,WRN,
and RecQ5 helicases with the damaged and undamaged
D-loops were studied. For these experiments, D-loops (0.5 nM)
were treated with each helicase (either 5 or 10 nM) under reac-
tion conditions described under “Experimental Procedures.”
Standard helicase buffer has been used for BLM andWRNheli-
case reactions. RecQ5 did not show any helicase activity in this
buffer and a different buffer was used to obtain a quantifiable
helicase activity. Bacterial 3�3 5� helicase UvrD (10 nM) was
used as a positive control in these experiments.

FIGURE 1. Structures of the D-loops used in this study. The entire D-loop structure of DL1 is shown, and the telomeric region is boxed. Only the telomeric
region of DL2, DL3, DL4, and DLmx is shown. 8 indicates 8-oxodG lesion. The Fok1 recognition site is underlined, and the incision site is shown by an arrow. An
star indicates the position of 32P radiolabel. The Fok1 recognition site and position of the radiolabel are same for all the D-loops.
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The helicase activities of BLM on undamaged and 8-oxodG-
containing D-loops are shown in Fig. 3A. Unreacted DL1, DL2,
DL3, and DL4 were run in lanes 1, 6, 11, and 16, respectively.
Heat-denatured D-loops were used as markers for denatured,
single-stranded DNA and run in lanes 5, 10, 15, and 20. The
helicase activity of UvrD on DL1–4 is visible in lanes 2, 7, 12,
and 17, respectively. From the gel it is evident that the unwind-
ing ability of UvrD is similar on all four D-loops and that the
presence of the 8-oxodG lesion in DL2–4 does not affect UvrD
helicase activity. The percent unwinding was calculated as the
relative density of the faster moving band to the total radiation
present in the lane, and results from Fig. 3A are shown graphi-
cally in Fig. 3B.
Results show that DL1–4 are unwound efficiently by 5 nM

BLM and more efficiently by 10 nM BLM (Fig. 3A, compare
lanes 3, 8, 13, and 18 with lanes 4, 9, 14, and 19). However, the
8-oxodG lesion does have a prominent effect on the D-loop
unwinding ability of BLM. There is a 2-fold increase in the
percent unwinding in case of DL2–4 as compared with DL1,
and this effect is consistent for both dilutions of BLM used in
this experiment. There is very little or no difference in unwind-
ing activity of BLM on DL2, -3, and -4. This indicates that the
position of the 8-oxodG lesion does not significantly affect the
BLM helicase activity.

Similar experiments were done usingWRN and RecQ5 heli-
cases. The helicase activities of WRN on undamaged and dam-
aged D-loops are summarized in Fig. 3C. Because WRN has a
3� 3 5� exonuclease, all the products moving faster than the
single-stranded DNA were considered as denatured products
(lanes 3, 4, 8, and 9) (23). As has been previously observed, the
presence of the 8-oxodG lesion in the GGG region close to the
3�-end of the strand, DL3, inhibits the exonuclease activity (36);
thus, the shorter products are not visible in case ofDL3 andDL4
(lanes 13, 14, 18, and 19). The quantification of the gels (Fig. 3D)
shows that the helicase activity ofWRNonD-loops is similar to
those of BLM and that the presence of 8-oxodG lesions has
approximately a 2-fold stimulatory effect on the unwinding
ability ofWRN.Although the position of the 8-oxodG served to
inhibit the exonuclease function of WRN, there were no other
discernible effects.
RecQ5 helicase unwinds D-loops much less efficiently

than BLM and WRN (supplemental Figs. 2 and 3). The pres-
ence of 8-oxodG lesions in the D-loop enhances the RecQ5
helicase activity to some extent in DL3 and DL4. Unlike BLM
and WRN, the enhancement is more pronounced in DL4
than in DL3. Additionally, there is a small decrease in RecQ5
helicase activity in DL2 as compared with DL1 (supplemen-
tal Fig. 2).

FIGURE 2. Test of D-loop formation; DL indicates the D-loops described in Fig. 1, DS indicates corresponding double-stranded DNAs prepared by
annealing of BB strand and corresponding single strands, and SS indicates only the single strand. A, for all the D-loops, corresponding double-stranded
DNA, untreated D-loop, and denatured D-loop have been shown. The untreated D-loops show single band. B, MBN digestion of single-stranded (SS1) and
D-loop DNAs (DL1– 4) is shown. 0, 1, or 10 unit (U) of MBN was incubated with SS1 (lanes 1–3), and 0 or 1 unit of MBN was incubated with the D-loops (lanes 4 –11).
C, Fok1 endonuclease digestion of all the D-loops is shown. 10 nM D-loop was treated with 1 unit of Fok1 (lanes 2, 4, 6, 8, and 10) at 37 °C for 3 h. A radiolabeled
marker indicates the position of 58-, 53-, 45-, and 37-mer oligos in the gel.
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POT1 Binding to Damaged andUndamagedD-loops—POT1
is an important protein involved in the maintenance of
telomeres and is known to interact with WRN and other pro-
teins present in the telomeric region (23, 37). It has been shown
in vitro that POT1 binds to the single-stranded telomeric DNA
(11). Here, we tested its binding ability to bind to undamaged
and damagedD-loops by EMSA. In the preliminary experiment
the POT1 binding ability is studied on undamaged D-loop
(DL1), single-stranded telomeric DNA (SS1), double-stranded
DNA with telomeric region (DS1, prepared by annealing SS1
and BB), D-loop containing two 8-oxodG lesion (DL4) and cor-
responding single-stranded (SS4) and double-stranded (DS4)
DNA and the non-telomeric D-loop (DLmx). Single-stranded,
double-stranded, or DLmx DNA (1 nM) was tested for POT1
binding in the presence of 80 nM GST-POT1. For D-loops DL1
(1 nM) and DL4 (1 nM), a concentration gradient of POT1 (0 to
80 nM) was used. To prove that the GST tag present in POT1
does not affect the binding ability, both theD-loops were tested
in the presence of GST only. The autoradiogram generated
from this experiment (supplemental Fig. 4) shows that POT1
efficiently binds to the single-stranded telomericDNAoligonu-
cleotides with and without damage, whereas it does not bind to
any of the double-stranded DNA. For the D-loops DL1 and
DL4, slower-moving bands corresponding to the bound DNA
showed up after the addition of 10 nM POT1. Intensity of that
band increases with increase in POT1 concentration. However,
there is a difference in POT1 binding ability between DL1 and

DL4, discussed later. GST does not interact with any of the
D-loops. The telomere-specific binding of POT1 is demon-
strated by the fact that it does not bind to the non-telomeric
D-loop, DLmx. Interestingly, the complex of POT1with single-
stranded DNA moves slower than the complex with D-loop
DNA. Both the single-stranded telomeric DNA and D-loop
have multiple POT1 binding sites. However, more than one
GST-POT1 can easily bind to the flexible single-stranded DNA
and run slowly in the gel, whereas the rigid structure of D-loop
may prevent binding of multiple GST-POT1.
The apparent difference in POT1 binding between DL1 and

DL4 led us to study the effect of the presence of 8-oxodG lesions
on GST-POT1 binding to telomeric single-stranded and
D-loop DNA substrates. EMSAwas performed with all the sin-
gle-stranded telomeric oligonucleotides (SS1–4) in the pres-
ence of different concentrations of GST-POT1 (Fig. 4). Each
oligonucleotide (1 nM) was used in this experiment, and the
GST-POT1 concentration ranged from 0 to 10 nM. Maximum
binding was achieved after the addition of 10 nM GST-POT1,
and it remained the same with higher concentrations of GST-
POT1 (data not shown). The percent binding was calculated
from the amount of radioactivity in the slow-moving bands
relative to the total radioactivity in the corresponding lane and
was plotted against the POT1 concentrations (Fig. 4B). The
polynomial fit and calculation of binding parameters was per-
formed for individual site-specific binding using Graphpad
Prism 5.0 software. The polynomial fits were almost perfect for

FIGURE 3. BLM and WRN helicase activity on telomeric D-loops with and without 8-oxodG lesion. A and C, an autoradiogram shows BLM and WRN helicase
(5 and 10 nM) activity, respectively, on each of the telomeric D-loop substrates (0.5 nM) (lanes 3 and 4, 8 and 9, 13 and 14, and 18 –19). The bacterial 3�-5� helicase
UvrD (10 nM) is used as a positive control (lanes 2, 7, 12, and 17). Each substrate is denatured (‚) at 95 °C (lanes 5, 10, 15, and 20). B and D, quantitative analysis
of A and C, respectively, shows the percentage of unwinding of each D-loop in the absence of any helicase and in the presence of UvrD and BLM/WRN. The error
bars represent the S.E. calculated from four independent experiments.
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all the strands (R2 value almost 1). There is no significant dif-
ference in the dissociation constants (Kd) values between the
strands (supplemental Table 1A). This implies that 8-oxodG
lesions do not affect the GST-POT1 binding to single-stranded
telomeric DNA. Also, the Hill coefficients for all the substrates
are greater than 1 (supplemental Table 1A), implicating posi-
tive cooperative binding.
Similar EMSA experiments were performedwith all the telo-

meric D-loops (DL1–4) in the presence of different concentra-
tions of GST-POT1 (Fig. 5). EachD-loop (1 nM)was used in this
experiment, and the GST-POT1 concentration ranged from 0
to 50 nM.Maximum binding was obtained in the presence of 50
nM GST-POT1, and the binding efficiency remained the same
with higher concentrations of GST-POT1 (data not shown).
TheD-loops-containing lesions (especiallyDL4)were not com-
pletely soluble in the EMSA buffer; thus, the addition of 50 mM

LiCl improved the solubility, and all the binding experiments
(including the single-stranded ones) were done in the presence
of 50 mM LiCl. We speculate that DL4 forms secondary struc-
tures such as G-quadruplexes and, thus, are poorly soluble in
EMSA buffer. The addition of LiCl disrupts these structures
and makes it soluble. The percent binding was calculated using
the same method as in the previous experiment. The polyno-
mial fits for one-site-specific binding fit almost perfectly (R2
values are almost 1). Hill coefficients (supplemental Table 1B)
were also calculated using Graphpad Prism 5.0 software, and
these are indicative of positive cooperative binding. Hill plots
using a logarithmic scale were also analyzed and were also
indicative of positive cooperative binding (supplemental Fig. 5).

There are some differences in the
dissociation constants (supplemen-
tal Table 1B) of GST-POT1 binding
to these D-loops. The differences in
POT1 binding to DL1, DL2, and
DL3 are modest and are largely
within the margin of error. How-
ever, the difference in POT1 bind-
ing between DL1 (no 8-oxodG
lesion) and DL4 (two 8-oxodG
lesion) is quite notable. In fact, there
is more than a 2-fold decrease in the
dissociation constant for DL4 com-
paredwithDL1. This result suggests
that GST-POT1 binding is more
facile to oxidatively damaged D-
loops than the undamaged.
Involvement of G-quadruplex

Structure—We also investigated
whether there was any involvement
of higher order structures (G-quad-
ruplex etc) that could account for
the enhancement of helicase activi-
ties of BLM and WRN on the dam-
aged D-loop structures. The forma-
tion of G-quadruplex structures in
telomeric DNA is well documented
(38, 39). DMS has been used previ-
ously to map G-quadruplex forma-

tion in single-stranded telomeric DNA (40). We used this rea-
gent tomap the formation ofG-quadruplex in theD-loops used
in our study. DMS methylates the N7 of guanine and the gen-
eration of N7-methylguanine is easily detectable by piperidine
treatment. However, if the guanine forms a G-quadruplex
structure or any other secondary structures involving the N7,
the methylation by DMS would be inhibited. This will result in
less or no degradation upon piperidine treatment. DL1 (D-loop
without any damage) and DL4 (D-loop with two 8-oxodG
lesions) were treated with 20% DMS followed by piperidine
treatment, and the amount of degradation was compared. The
results derived from this experiment are shown in Fig. 6A. The
percent damage is calculated as the intensity of the bands mov-
ing faster than the undamaged band relative to the total radia-
tion present in the lane. The damage in DL4 is about 20% less
than that in DL1. Although the difference is very minimal, the
result indicates that the methylation is inhibited by DL4 in
comparison to DL1 and suggests that secondary structure
(G-quadruplex) formation is littlemore prominent in DL4 than
in DL1.
The G-quadruplex interacting agent TMS is a potent telom-

erase inhibitor (41). It also affects the POT1 binding in single-
stranded telomeric DNA by stabilizing G-quadruplex struc-
tures (42). We investigated the effect of TMS on POT1 binding
to damaged and undamaged D-loops. D-loops (1 nM, either
DL1 or DL4) were treated with telomestatin at room tempera-
ture for 30 min before the addition of GST-POT1. Different
concentrations of TMS and POT1 were used, and in the pres-
ence of 2 �M TMS, GST-POT1 (10 nM) binding to DL4 was

FIGURE 4. GST-POT1 binding of telomeric single-stranded DNA. A, an autoradiogram of EMSA shows the
appearance of slow moving POT1-DNA complex with increasing GST-POT1 concentration. B, shown is a plot of
the percentage formation of DNA-POT1 complex (binding) against the corresponding GST-POT1 concentra-
tion. The error bars represent the S.E. calculated from four independent experiments.
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affected by 20%; Fig. 6B. The binding of GST-POT1 to DL1 is
hardly affected. Using a higher concentration of TMS did not
affect the difference. When 2.5 nM GST-POT1 was used in the
presence of 2 �M TMS, a 2-fold decrease in binding of GST-
POT1 to DL4 (1 nM) was observed (supplemental Fig. 6), and
there was no effect of TMS on GST-POT1 binding to DL1.
However, the binding was very low under these conditions,
making it difficult to evaluate the significance of the data. Nev-
ertheless, these experiments suggest that telomestatin has a
slightly more pronounced effect on GST-POT1 binding to the
damaged D-loop (DL4) and indicates that there may be a pos-
sibility of preferential G-quadruplex formation in DL4 due to
the presence of 8-oxodG.
Effect of POT1 on Helicase Activity—It was shown previously

that GST-POT1 interacts with WRN and BLM to stimulate
their helicase activities (28). Because GST-POT1 efficiently
binds to undamaged and damaged D-loops, we investigated
whether it could affect the helicase activities of BLM,WRN, and
RecQ5 on undamaged and damaged D-loops. Fig. 7A summa-
rizes the effect of GST-POT1 on BLM helicase activity. The
D-loops without any damage (DL1) and with two 8-oxodG
lesions (DL4) were used in this experiment. D-loops (0.5 nM)
were treated with 10 nM BLM (lanes 5 and 14) or 10 nM BLM
with different concentrations of GST-POT1 (lanes 6-8 and
15-17). Control experiments were performed to check helicase
activity of 10 nM GST-POT1 alone (lanes 3 and 12). In another
set of control experiments, the effect of 10 nM GST-POT1 was

tested on helicase activity of 10 nM UvrD (lanes 2 and 4 and
lanes 11 and 13). The quantitative analysis of this experiment
(Fig. 7B) revealed that there is a small decrease in BLM helicase
activity in the presence of 1 nM GST-POT1, and then the heli-
case activity increases consistently with increasing GST-POT1
concentration. The BLM helicase activity on DL1 was
enhanced 4-fold, and there was an almost 2-fold increase in the
helicase activity on DL4 in the presence of 10 nM GST-POT1.
At low concentrations (1 nM), GST-POT1 cannot interact with
BLM (10 nM) and inhibits its helicase activity by binding to the
D-loops. At increasing concentrations (5 and 10 nM) it interacts
with BLM and enhances its helicase activity. The UvrD helicase
activity on both the strands remained unaffected by GST-
POT1. This is in accord with our earlier finding that Pot1 does
not stimulate UvrD helicase activity (28).
In addition, the effect of GST-POT1 onWRN helicase activ-

ity on D-loops was tested. A concentration of 20 nM WRN was
used to generate �10% unwinding of 0.5 nM DL1. A different
batch of WRN was used in this experiment, with less active
helicase than the WRN used in experiments up to this point.
When 0.5 nM DL1 was treated with 20 nM WRN and 20 nM
GST-POT1 (Fig. 7C), an �4-fold increase in WRN helicase
activity was observed. GST-POT1 also enhanced the WRN
helicase function 2-fold on damaged D-loop (DL4). In contrast,
the helicase activity of RecQ5 on bothD-loopswas unaltered by
the presence of GST-POT1 (data not shown).

FIGURE 5. GST-POT1 binding of telomeric D-loop DNA. Upper panel, shown is an autoradiogram of EMSA showing the appearance of slow moving POT1-DNA
complex with increasing GST-POT1 concentration. Lower panel, shown is a plot of percentage formation of DNA-POT1complex (binding) against the corre-
sponding GST-POT1 concentration. The error bars represent the S.E. calculated from four independent experiments.
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DISCUSSION

Oxidation of guanine to 8-oxoguanine is a common and well
known oxidative DNA base modification, and G-rich DNA,
including telomeric repeats, is susceptible to accumulation of
this potentially mutagenic lesion (19, 20). Although there are
several other important oxidative DNA base modifications,
8-oxoguanine is the most well characterized lesion with dem-
onstrated biological significance. 8-Oxoguanine containing
D-loops mimic oxidatively damaged telomeric DNA regions.
WRN and BLM are thought to play roles in telomere mainte-
nance, and it has been shown that WRN unwinds undamaged
D-loop structures (23). The present study examines the ability
of WRN, BLM, and RecQ5 to unwind telomeric D-loops con-
taining 8-oxodG. The results demonstrate thatWRN and BLM
preferentially unwind telomeric D-loops containing 8-oxodG.
It is important to point out that the 8-oxodG-containing
D-loops used in this study, DL2–4, contain one (DL2) or two
(DL3, DL4) 8-oxodG residues and are predicted to have the
identical stability and melting temperature as DL1, which con-
tains no damage, and to lack any gross structural perturbation
in the vicinity of the 8-oxodG residues (43, 44). This is consist-
ent with our observations that DL1–4 are equally resistant to
MBN digestion (Fig. 2) and are unwound with identical effi-
ciency by UvrD (Fig. 3). These results suggest that the differ-
ence in helicase activity does not arise fromany instability in the
damaged D-loops due to the 8-oxodG lesions but, rather,
reflects a specific helicase/lesion interaction. Both BLM and

WRNhave been reported to be structure-specific proteins (45).
Without affecting the overall structure of the D-loops, the 8-
oxodG lesions in a telomeric region might be forming some
specialized local structures. These structures could make the
damaged D-loops the preferred substrates for BLM and WRN
helicase activity. One of the possible structures could be
G-quadruplex (G4) formation, as both BLM and WRN work
particularly efficiently on these structures (33). Szalai et al. (46)
reported the formation of G-quadruplex and other secondary
structures upon conversion of guanine to 8-oxodG in telomeric
DNA in vitro. Additionally, Gros et al. (47) tested the G-quad-
ruplex-forming abilities of different modified bases in TG4T
and TG5T structures. They found that 8-oxodG enhances
G-quadruplex-forming ability of the strand and stabilizes the
secondary structure. However, the involvement of 8-oxogua-
nine in formation of G4 structures is still speculative and needs
further examination.
POT1, which plays an important role in telomere mainte-

nance, binds to but does not show preference for 8-oxodG-
containing telomeric ssDNA (Fig. 4). However, POT1 prefer-
entially binds 8-oxodG-containing telomeric D-loops (Fig. 5)
and it binds telomeric D-loops with or without 8-oxodG with
lower affinity than telomeric ssDNA (Kd � 14–35 nM for
D-loop versus Kd � 5 nM for ssDNA). This could reflect differ-
ent levels of conformational flexibility in these two DNA sub-
strates (11, 48) or that POT1 binds the twoDNA substrates in a
different manner. These results indicate that although POT1 is
known to bind single-stranded telomeric DNA, it also can bind
to a telomeric D-loop structure in vitro. Interaction with POT1
may transiently disrupt the D-loop conformation, resulting in a
single-stranded telomeric region that promotes POT1 binding.
This structural disruption could be elevated in the presence of
8-oxodG, resulting in a higher POT1 binding affinity. Analysis
of POT1 binding shows that the cooperative nature of this
POT1/DNA interaction is conserved independent of the struc-
ture of the telomeric DNA substrate.
Although POT1 binds relatively weakly to telomeric D-

loops, our data suggest that the presence of 8-oxodG en-
hances the affinity of GST-POT1 to these DNA substrates.
This may reflect an altered local DNA conformation in the
vicinity of the DNA lesion; for example, the 8-oxodG-dC base
pair could exist in a syn conformation instead of the anti con-
formation typical of a dG-dC base pair (21). Conversely, POT1
binding to telomeric ssDNA is independent of the presence or
absence of 8-oxodG. It is possible that GST-POT1 binds readily
to undamaged telomeric ssDNA to protect it from accumulat-
ing oxidative DNA lesions. Although previous studies indicate
that POT1may play a role in resolvingG-quadruplex structures
in telomeric double-stranded DNA (49), our data indicate that
POT1 preferentially binds to 8-oxodG-containing telomeric
D-loops, suggesting that POT1 could facilitate repair of oxida-
tive DNA damage in telomeric D-loops.
The involvement of WRN and BLM in the dissociation of

alternate/complex DNA intermediates during replication at
telomeres is well documented (28). Association of both WRN
and BLM with telomeres during S-phase in immortalized,
telomerase-deficient cells has been reported, and these cells use
recombination based ALT pathways (23). These two proteins

FIGURE 6. A, shown is the relative damage on DL1 (undamaged D-loop) and
DL4 (D-loop with two 8-oxodG lesion) upon methylation by DMS and piperi-
dine treatment. B, shown is GST-POT1 (10 nM) binding to DL1 (1 nM) and DL4
(1 nM) in the presence and absence of TMS (2 �M). The error bars represent the
S.E. calculated from three independent experiments.
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also colocalize with nuclear foci of human ALT cells that con-
tain telomeric DNA and telomere-associated proteins TRF1,
TRF2, and POT1 (23, 28). Dissociation of telomeric t-loop/D-
loop structures is required for progression of the ALT-based
DNA elongation process at the chromosome ends, and resolu-
tion of these structures is also essential for complete repair of
any damage (50). Our results suggest that WRN and BLM not
only assist the replication process by unwinding telomeric
D-loop structures but also facilitate repair of oxidatively dam-
aged lesions by preferentially resolving them. It is also possible
that accumulation of DNA damage at the telomeres increases
WRN and BLMunwinding and leads to an increase in telomere
length. This hypothesis is in agreement with studies of double
knock-out mice for telomerase andWRN, which show signs of
shortened telomeres, indicating that WRN is an important
component of telomere maintenance in vivo (51, 52).

It is likely that the ability of POT1 to associate with telo-
meric D-loop structures enables it to play an important role
in replication of telomeric DNA and repair of oxidative dam-
age at telomeres. It may cooperate with WRN and BLM to
resolve complex structures such as G-quadruplex to facili-

tate proper elongation of telomeric ends. POT1 may also
help repair proteins to access the oxidatively damaged bases
by resolving the complex secondary structures. Our observa-
tion of preferential binding of POT1 to the damaged D-loop
supports this possibility.
In summary, we have successfully constructed 8-oxodG

lesion-containing D-loops and demonstrated that the WRN
and BLM helicases unwind the damaged D-loops more effi-
ciently than undamaged D-loops. This supports a likely role of
these helicases in telomeric DNA repair processes. It was also
shown that the telomeric-binding protein GST-POT1 binds to
the undamaged and damaged D-loops. This binding is less
robust than its binding to single-stranded telomeric DNA, but
it is a novel observation that the presence of lesions in the sub-
strate enhances its binding ability. From these observations we
propose that POT1 is involved in secondary structure disrup-
tion and, thus, participates in the DNA repair process at the
telomere. Our study also indicates the possibility that a dam-
aged D-loop might be a better candidate for forming complex
structures likeG-quadruplex than an undamagedD-loop. It has
been shown that the quadruplex structure is preferred for the

FIGURE 7. Effect of GST-POT1 on helicase activity of BLM on telomeric D-loop DNAs with and without the 8-oxodG lesion. A, BLM helicase (10 nM) activity
is measured by itself on each of the D-loop substrates (0.5 nM) (lanes 5 and 14). The bacterial 3�-5� helicase UvrD (10 nM) was used as a positive control for both
substrates both in the presence (lanes 4 and 13) and absence (lanes 2 and 11) of GST-POT1 (10 nM). Increasing amounts of GST-POT1 (1, 5, and 0 nM) were added
to each substrate (POT1 �DL1(G-G) in lanes 6 – 8 and POT1 DL4 (8-8) in lanes 15–17.) Each substrate was denatured (�) at 95 °C. (lanes 9 and 18). B, shown is the
quantitative analysis of helicase assay showing the stimulation of BLM helicase activity by GST-POT1 on damaged and undamaged telomeric D-loop structures.
C, shown is the quantitative analysis of the effect of GST-POT1 (20 nM) on WRN (20 nM) helicase activity on undamaged (DL1, 0.5 nM) and oxidatively damaged
(DL4, 0.5 nM) D-loops. The error bars represent the S.E. calculated from four independent experiments.
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RecQ helicases. Thus, the formation of these structures in the
D-loop region might explain our observed increased helicase
activity.
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